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ABSTRACT 

The  technologies  necessary  to  fabricate  a power  microwave 
frequency,  vertical  channel,  gallium  arsenide  insulated  gate  field- 
effect  transistor  have  been  further  developed.  Planar  devices  that 
show  FET  action  have  been  fabricated.  The  etching  technology  for  a 
V-groove  version  of  the  vertical  channel  device  has  been  explored. 
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1 . INTRODUCTION 


The  overall  objective  of  the  program  is  to  investigate  the 
feasibility  of  developing  a vertical  n-channel  enhancement  mode  in- 
sulated gate  field-effect  transistor  device  in  gallium  arsenide  which 
is  ultimately  capable  of  delivering  up  to  5W  of  power  (Class  A)  and 
which  has  a minimum  power  gain  of  6 dB  over  the  frequency  range  from 
4 to  8 GHz.  Additional  design  goals  for  these  devices  are  that  they 
should  be  linear  in  phase  (+5°  deviation)  and  gain  (third  order 
IMD  < - 20  dB)  at  these  frequencies  and  over  the  whole  dynamic  range 
of  operation. 

Work  during  this  period  has  been  concentrated  on  the 
technologies  necessary  to  fabricate  a planar  MISFET  as  a first  step 
towards  a vertical  channel  device.  The  report  is  divided  up  into  two 
broad  areas: 

(1 ) MIS  Technologies: 

(a)  The  necessary  doping  profiles  for  the  planar  device  have 
been  produced  by  ion  implantation  (sulfur)  and  vapor  phase  epitaxy. 

The  devices  fabricated  from  this  latter  method  have  shown  more  promise. 
The  epitaxial  development  has  continued  to  the  point  where  p-tvpe  layers 
can  be  grown  by  the  addition  or  diethyl  zinc  to  the  hydrogen  carrier  gas. 
Heavily  doped  n-tvpe  layers  are  grown  by  the  addition  of  sulfur  or  tin 
chloride  to  the  hydrogen  carrier  gas  stream. 
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(b)  An  empirical  mathematical  model  for  the  anodization 


process  has  been  developed.  In  addition  to  its  application  for  pro- 
ducing the  gate  oxide,  anodization  has  been  used  as  a very  effective 
means  of  thinning  epitaxial  layers  and  at  the  same  time  "staining"  them 
(2)  Device  Fabrication: 

(a)  Etches  suitable  for  the  fabrication  of  mesas  on  the 
epitaxial  material  have  been  developed.  Five  wafers  of  gallium  arsenid 
have  been  processed,  giving  much  needed  experience.  Working  devices 
were  fabricated  which  showed  FET  action  even  before  the  anodic  oxide 
annealing  process.  These  devices  remain  to  be  further  optimized. 

(b)  A V-groove  device  is  planned  as  the  next  step  and  the 
etching  technology  has  been  investigated  and  mask  design  completed. 


2.  PROCESS  TECHNOLOGIES 

2 . 1 Ion  Implantation 

P+-type  implants  are  required  in  the  fabrication  of  the 
vertical  channel  device  as  a means  of  grounding  the  p-channel  sub- 
strate of  the  device  to  the  source  contact.  This  can  readily  be  seen 
by  reference  to  Fig.  1 which  shows  the  fabrication  sequence  of  the 
VMIST  device  on  an  epitaxial  structure. 

Zinc  implants  were  reported  in  last  year's  annual  report 
when  it  was  shown  that  implantation  into  chromium  doped  gallium  arsenide 
substrates  apparently  yielded  activation  efficiencies  of  400%.  To  re- 

I I 

solve  this  problem,  Zn  implants  were  made  into  lightly  doped  n-type 
epitaxial  layers  on  semi- insulating  substrates  at  an  effective  energy 
of  300  KeV,  and  at  dose  levels  of  5 x lO^/cm3  and  5 x lO^/cm".  The 
samples  were  encapsulated  with  sputtered  Si02  and  annealed  in  a nitrogen 
ambient  at  725°C.  The  results  are  summarized  in  Table  I. 

TABLE  I 


Dose 

Level 

Anneal  Time 

Activated  Q 

Mobility 

Activation  Efficiency 

5 x 

1014 

60  min 

2.9  x 

1014 

79.4 

60% 

5 x 

1013 

60  min 

1.1  X 

1013 

140.5 

23% 

5 x 

1013 

240  min 

3.4  x 

1013 

130.0 

69% 

-TT-TT--™ 


T 
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2 . 2 Wafer  Profiling 

A technique  to  measure  the  profile  of  the  implanted  zinc  con- 
centration with  depth  into  the  sample  using  the  Differential  Hall  Effect 
has  been  developed.  This  involves  removing  the  surface  of  the  semi- 
conductor a little  at  a time  and  measuring  the  Hall  mobile  charge  and 
mobility  after  each  removal  to  obtain  the  carrier  profile.  All  of  the 

O 

implants  to  date  have  been  shallow  (^lOOOA),  and  in  order  to  obtain 
a sufficient  amount  of  data  to  measure  the  profile  accurately,  the  sur- 

O 

face  must  be  removed  in  100A  steps.  To  do  this,  the  area  between  the 
contacts  of  the  Hall  sample  is  anodized  and  subsequently  etched  away 
to  remove  the  gallium  arsenide  in  small  steps. 

The  anodizing  solution  is  the  standard  composition  of  3 gms 
of  sodium  citrate  in  100  cc  of  water  mixed  with  100  cc  of  ethylene  glycol 
and  buffered  with  citric  acid  to  a pH  of  5.3.  The  oxide  film  is  not 
removed  between  measurements  but  is  allowed  to  accumulate  in  thickness 
as  the  anodizing  voltage  is  raised  for  each  step  between  Hall  measure- 
ments. The  advantage  of  this  is  that  the  color  of  the  film  enables  its 
thickness  to  be  estimated  by  comparison  with  separate  "standard"  samples 

O 

to  an  accuracy  of  better  than  20A.  The  presence  of  the  oxide  has  been 
shown  to  have  no  effect  on  the  Hall  measurements.  The  zinc  implanted 
samples  have  been  evaluated  very  successfully  in  this  manner  and  one  of 
the  results  is  shown  in  Fig.  2. 

(The  apparent  increase  in  carrier  density  at  the  surface  of 
the  sample  is  interesting  and  unexpected,  but  time  has  not  allowed 
further  studies.) 
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Curve  687601- 


Distance  from  Surface  (A) 


The  residual  activated  charge  was  calculated  from  the  Hall 
measurements  after  each  anodization  step  and  is  plotted  as  a function 
of  distance  from  the  surface. 

Since  the  implanted  charge  0(x)  is  given  by 

Q(x)  = £ NA(y)dy 


and 

dQ(x)  = N.(x) , 
dx 

the  slope  of  the  residual  activated  charge,  therefore,  gives  the  density 
of  activated  charge  centers.  This  is  also  shown  plotted  in  Fig.  2.  The 
circled  points  are  obtained  from  the  LSS  theory  for  300  KeV  zinc  ions 
implanted  into  gallium  arsenide.  The  curve  for  these  theoretical  points 
has  been  normalized  to  the  maximum  of  the  measured  distribution  and 
shows  a reasonably  good  fit  to  the  experimental  points.  Also  in  Fig.  2 
is  plotted  the  Hall  mobility  of  the  residual  (implanted)  layer,  and  in- 
cluded for  comparison  are  bulk  Hall  mobilities  for  the  measured  carrier 
concentration  profile.  The  implanted  Hall  mobility  values  appear  to  be 
very  reasonable.  The  comparison  has  not  been  extended  to  the  surface 
of  the  sample  until  the  surface  concentration  'pile-up'  effect  has  been 
established  by  further  studies. 

The  result  of  the  studies  made  so  far  on  zinc  implantation 
indicate  that,  unless  the  energy  of  the  implanted  species  can  be  in- 
creased above  the  300  KeV  limit  set  by  the  apparatus  at  the  present 
time,  it  may  not  be  possible  for  the  zinc  doping  to  extend  the  necessary 
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1 um  into  the  p-type  substrate  even  with  a prolonged  diffusion.  Experi- 
ments are  underway  to  investigate  this  and  to  study  the  penetration  and 
suitability  of  the  lighter  beryllium  atom. 

2 . 3 Anodization  Studies 
2.3.1  Anodization  Model 

A mathematical  model  for  the  formation  of  the  anodic  oxide  on 
gallium  arsenide  has  been  constructed  which  enables  us  to  predict  the 
thickness  of  the  oxide  under  both  constant  current  and  constant  voltage 
bias  conditions.  The  analysis  also  enables  us  to  calculate  the  rate  at 
which  the  anodization  solution  etches  the  oxide  (and  hence  the  gallium 
arsenide) . 

The  equations  governing  the  oxide  behavior  are: 

Rate  of  Oxide  Growth 

dW  = J - e (1) 

dt  & 

where  6 = 1.8  x 10^  coulombs  per  cm^  is  the  growth  constant  and  e is 
_2  ° 

typically  1.4  x 10  A per  second. 

Current-Voltage  Characteristic 

Initial  calculations  were  made  with  the  relationship 

J = (Ec/p)-(V/(FcW  - V))  (2) 

where  Ec  is  the  critical  field  in  the  oxide,  equal  to  5.03  x 10^  V/cm, 
and  p is  the  low  field  resistivity,  equal  to  1.3  x 10^  ohm-cm. 

The  two  equations  combined  to  give  quite  a good  fit  to  the 
experimental  curves  governing  the  rate  of  anodic  current  decav  at 
constant  voltage. 
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A much  better  fit  was  obtained  using  the  relationship 


J = J exp  1 (V  - E W)  (3) 

W 

? 

which  is  similar  to  the  form  J = 2K^  sink  (K^V)  given  by  Young. ^ 

The  constants  have  the  following  empirically  determined 

values : 

Y = 3.39  x 10~6  cm/V 
Jc  = 10_~*  amps. 

A comparison  of  the  fit  to  the  experimental  points  of  the 
calculated  curves  for  the  two  J-V  characteristics  is  shown  in  Fig.  3. 

2.3.2  Anodization  Procedures 

The  sequence  of  operations  for  anodizing  a wafer  is  as  follows: 
A constant  current  is  applied  to  the  sample  and  as  the  oxide  grows  on 
the  surface,  the  voltage  developed  across  the  sample  increases  until  it 
reaches  the  required  value  whereupon  it  is  held  constant  and  the  current 
allowed  to  decay.  The  growth  of  the  oxide  during  this  initial  period  at 
constant  current  (JA)  is  governed  simply  by  equation  (1) 

W = (JA/S  - e)t 

or  when  the  required  voltage  V is  reached 

WA  = V<EC  + 7 loSe  (Wi 

This  is  the  initial  thickness  of  the  film  when  the  current  starts  to 
decay  and  in  Fig.  3 is  put  equal  to  10~3  amps/cm^.  The  series  resistance 
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Figure  3 - Anodic  Current  Density  Decay  with  Time  at  Constant  Voltage. 


in  the  circuit  (sheet  resistance  of  the  sample  plus  solution  resistance) 
is  2.67  KJ2,  the  etching  rate  for  the  self-etching  of  the  anodic  oxide 

O 

in  the  solution  is  .0752A/sec,  leading  to  a saturation  anodization  cur- 

2 

rent  at  infinite  time  of  10  mA/cm  . 

The  calculation  enables  us  to  determine  the  oxide  thickness 
accurately.  In  Fig.  4,  it  can  be  seen  that  the  growth  of  the  oxide 
under  constant  applied  voltage  is  nonlinear  and  is  far  from  its  final 
thickness  value  when  the  current  first  starts  to  decay.  This  infor- 
mation about  the  time  dependence  of  oxide  thickness  is  very  valuable 
when  accurate  removal  of  gallium  arsenide  material  by  anodization  is 
required . 

2 . 4 Vapor  Phase  Epitaxy 

Vapor  epitaxial  growth  techniques  have  been  developed  to 
prepare  the  epitaxial  GaAs  VMIST  structures  according  to  the  following 
scheme . 


+ 

n 

1 urn 

in18  -3 

10  cm 

p 

1 ym 

mid  103^  cm-3 

n” 

3-4  urn 

<1013  cm"3 

Drift 

Region 

n+ 

substrate 

Starting  with  <100  oriented  substrates  which  are  silicon 

18  — 3 

doped  with  net  carrier  concentration  near  10  cm  , the  wafers  are 
lapped  with  alumina  and  chem-mechanical ly  polished  in  an  acid-peroxide 
solution  to  obtain  specular,  damage-free  surfaces.  A cleaning  etch  is 
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used  immediately  before  loading  in  the  epitaxial  reactor,  and  an  in-situ 
etch  is  used  immediately  prior  to  epitaxial  deposition  to  yield  good 
epitaxy  and  a low  defect  interface  region. 

Epitaxial  layers  are  grown  using  the  AsCl^/Ga/l^  technique 

in  the  substrate  holder  shown  in  Fig.  5a  and  in  the  epitaxial  reactor 

system  shown  in  Fig.  5b.  The  system  is  schematically  shown  in  Fig.  5c. 

Using  a combination  of  clean  techniques  and  pure  source  materials  with 

a high  mole  fraction  of  AsCl^  (mole  fraction  control)  undoped  epitaxial 

layers  on  n+  substrates  have  been  grown  with  carrier  concentrations 
13  _3 

less  than  10  cm  . An  example  is  shown  in  the  concentration  profile 
of  Fig.  6 obtained  by  the  CV  profiling  technique.  The  zinc  doped  p- 
layer  was  grown  on  this  profile  by  the  addition  of  a dilute  vapor  of 
diethyl  zinc  to  the  hydrogen  gas  stream  through  the  epitaxial  reactor. 
The  diethyl  zinc  is  a pyrophoric  organometallic  compound  which  was  ob- 
tained in  5 nines  purity  from  Alfa  Products  (Danvers,  MA) . Since  this 
compound  is  a liquid  with  a significant  vapor  pressure  at  room  tempera- 
ture (^15  mm),  it  was  cooled  down  to  about  -20°C  to  give  vapor  pressures 
suitable  for  doping.  Figure  7 shows  the  vapor  pressure  of  (rT)2  Zn 
as  a function  of  temperature  in  the  range  of  interest.  Hydrogen  gas  is 
metered  and  bubbled  through  the  diethyl  zinc  liquid  to  become  saturated 
with  the  vapor  at  the  thermostated  temperature.  This  gas  mixture  enters 
the  hot  reactor  where  the  diethyl  zinc  decomposes  at  higher  temperature. 
Doping  occurs  by  incorporation  of  zinc  into  the  GaAs  epitaxial  layer  at 
an  acceptor  level  of  0.024  eV. 
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Zinc  doped  p-type  layers  have  been  grown  on  n+  substrate  and 
on  n~  on  n+  substrates  in  thicknesses  of  0.5  to  6 pm,  and  concentrations 
from  6 x 10^  to  8.5  x 10^  cm  The  optical  micrograph  of  Fig.  8 
shows  the  stained  cross  section  of  a p-n“-n+  structure.  The  top  layer 
is  a 1.7  pm  thick  p-layer  which  is  followed  by  an  n“  layer  of  5 pm 
thickness  grown  on  an  n+  substrate. 

From  these  preliminary  doping  experiments,  mole  concentration 
of  Zn  deposit  flows  and  experimentally  measured  (capacitance-voltage) 
carrier  concentrations  have  been  determined.  These  values  are  plotted 
in  Fig.  9.  A fairly  good  correlation  between  these  two  parameters  has 
been  obtained  by  keeping  all  other  growth  parameters  constant. 

Sulfur  doped  n-1-*"  layers  were  grown  by  incorporating  sulfur 

1 8 “3 

vapor  from  a heated  sulfur  source.  For  n-1-1'  doped  layers  (''10i  cm-'3) 

elemental  sulfur  having  a low  vapor  pressure  was  heated  to  near  110  to 


112°C  in  a thermostated  vessel  in  close  proximity  to  the  reactor,  and 
hydrogen  was  passed  through  the  vessel  to  transport  the  sulfur  vapor 
to  the  deposition  zone.  At  present,  the  calibration  of  the  n++  con- 
centration with  solid  sulfur  temperature  are  incomplete.  Experiments 
were  also  made  to  prepare  tin  doped  n layers  by  bubbling  hydrogen 
carrier  gas  through  tin  chloride  liquid  thermostated  at  -20°C.  The 


high  vapor  pressure  over  tin  chloride  produced  n"M"  layers  with  con- 

18  — 3 

centrations  in  excess  of  10  cm  . A preliminary  attempt  was  made 


to  grow  an  (n+)  - (p)  - (n-)  - (n+  substrate)  device  structure 
bining  the  epitaxial  growth  and  doping  techniques  using  diethyl 
and  solid  sulfur.  This  structure  is  shown  in  the  micrograph  of 
In  this  cross  section,  the  n+  layer  is  2.8  pm,  the  p layer  3.5 


the  n drift  region  2.8  ..m. 
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3.  DEVICE  FABRICATION 

3. 1 Introduction 

A cross  section  of  a planar  (MISFET)  device  is  shown  in 

19/  1 

Fig.  11.  Here  the  heavily  doped  n-type  (N^  '^10  /cm-')  contacts  for 

the  source  and  drain  of  the  device  have  been  formed  by  ion  implantation 
of  S or  Si.  In  Fig.  12  is  shown  the  same  device  with  source  and  drain 
mesa  contacts  formed  from  etching  back  an  n-type  epitaxial  layer  on 
top  of  the  p-type  substrate.  Both  of  these  approaches  have  been  used 
but  the  success  and  availability  of  good  n-type  layers  have  led  us  to 
favor  the  mesa  approach. 

3 . 2 Mesa  Etching 

The  height  of  the  mesas  was  chosen  to  be  1 micron.  This  is 
a compromise  between  the  sheet  resistance  of  this  contact  (from  contact 
metal  to  channel)  and  the  step  over  which  the  gate,  source  and  drain 
metallizations  must  be  continuous. 

The  etching  mask  used  for  the  mesa  definition  is  Kavcoat  TC 
resist  but  it  was  found  necessary  to  treat  the  gallium  arsenide  surface 
to  a pretreatment  (APIOO)^  in  order  to  improve  the  adhesion  of  the  resist 
during  the  etching  step. 

The  requirement  on  the  etch  is  that  the  surface  of  the  etched 
region  should  be  at  least  as  good  as  the  original  surface  (polishing 
etch).  In  addition,  the  etch  rate  should  not  be  too  fast  so  that  control 
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igure  11  PJ  anar  M1SFET  formed  by  Ion  Irnplantat  ion  of  source  and  drain  contacts 
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is  difficult.  An  etch  which  satisfies  these  criteria  is  HFiF^C^f^O, 
where  the  percentage  concentration  of  HF  is  less  than  6?  and  that  of  H2O- 
is  less  than  10%.  Above  these  values  the  etch  begins  to  delineate 
defects  in  the  material  and  loses  its  polishing  quality.  The  etch  rate 
is  proportional  to  the  H2O2  concentration  and  independent  of  the  HF  con- 
centration as  illustrated  in  Fig.  13.  The  etch  rate  is  given  by  483.3 

O 

A/min  where  K is  the  % concentration  of  H„0„. 

P 2 2 

In  order  to  limit  the  attack  of  the  HF  on  any  Si02  layers, 
an  etch  having  1%  HF  concentration  has  been  used  with  an  H2O2  con- 

O 

centration  of  3%,  giving  a convenient  etch  rate  of  1450A/min.  Talystep 
profiles  of  a pair  of  etched  mesas  is  shown  in  Fig.  14. 

Since  the  etch  rate  is  dependent  only  on  the  concentration 
of  the  HF,  HC1  and  NaOH  were  substituted  in  turn  in  the  etching  mixture. 
100  mis  of  1%  HC1  added  to  3 mis  of  H2O2  gave  a similar  behavior  to  the 
HF  etch  but  with  a slightly  less  polished  surface.  A 1%  by  weight 
solution  of  the  NaOH  with  H2O2  gave  a surprisingly  different  result 
as  shown  in  the  profile  in  Fig.  15.  In  this  case,  the  mesas  are  much 
sharper  and  the  etching  solution  is  preferential.  Because  of  this,  the 
etch  has  applications  in  V-groove  MISFET  fabrication,  Section  3.5. 


3 . 3 Etching  by  Anodization 

Anodization  also  offers  a very  convenient  way  of  accomplishing 
the  mesa  etching  since  the  thickness  of  grown  anodic  oxide  on  the  p and 
n materials  for  the  same  applied  potential  is  different  and  hence  the 


color  contrast  can  be  used  to  show  the  exposure  of  the  p-tvpe  layer. 
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To  illustrate  this  an  n+  substrate  on  which  was  grown 
sequentially  an  n_  layer  2.8  pm  thick,  a p-layer  3.5  um  thick  and  an  n+ 
layer  2.S  um  thick  was  used.  The  pattern  for  the  source  and  drain  areas 
was  defined  as  shown  in  Fig.  16  and  the  remainder  of  the  slice  was 
anodized  and  the  oxide  removed  in  a number  of  steps  until  1 urn  of  the 
surrounding  material  was  removed.  This  leaves  mesas  1 um  high  but  the 
total  thickness  of  the  n+  region  being  2.8  um,  the  p-type  layer  was  not 
yet  exposed.  The  photoresist  was  then  removed  and  the  anodization- 

O 

removal  scheme  continued  in  70  volt  steps  (116A  of  GaAs  removed  each 
time)  until  the  pattern  shown  in  Fig.  17  began  to  emerge. 

Figure  17  shows  two  pieces  taken  from  the  same  slice  of  epi- 
taxially deposited  material  and  which  were  etched  and  anodized  separately. 
The  center  light  area  is  a light  blue  color  corresponding  to  an  oxide 

O 

thickness  of  1190A  (52  volts).  The  region  nearest  the  edge  of  the  slice 

O 

is  a dark  blue  (940A  or  41  volts)  and  the  transition  region  between  these 

O 

light  and  dark  blue  areas  is  still  a darker  blue  corresponding  to  800A 
or  35  volts.  The  mesa  pattern  within  the  light  blue  area  is  also 

O 

covered  with  800A  of  oxide. 

The  model  for  this  variation  in  oxide  thickness  is  outlined 
in  Fig.  18.  The  epitaxial  process  leads  to  a variation  in  thickness 
of  the  final  n+  layer  and  the  uniform  removal  of  material  eventually 
leads  to  three  distinct  regions.  In  Fig.  18a  is  depicted  a mesa 
structure  with  the  n+  layer  still  intact  around  it.  The  anodizing 
solution  is  negatively  biased  with  respect  to  the  gallium  arsenide 
and  hence  a depletion  layer  is  formed  at  the  surface  of  the  sample  and 
the  voltage  which  can  be  sustained  by  this  depletion  layer  is  equal  to 
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the  breakdown  voltage  of  the  n layer  (V  ) . Between  the  n+  and  p layer 

D 

is  a forward  biased  junction  with  a negligibly  small  voltage  drop. 
Between  the  p and  n~  layers  is  a reverse  biased  junction  with  a large 
voltage  drop  Vj^.  If  the  voltage  applied  between  the  back  contact  and 
the  cathode  (or  solution)  is  V , then  the  voltage  developed  across  the 
oxide  (VQXN)  is 


VOXN  VA  " ^VB  + VJR) 


In  Fig.  18b  is  shown  a portion  of  the  slice  where  the  n+  layer 
has  been  removed  from  the  region  surrounding  the  mesas.  The  p-type  layer 
is  exposed  to  the  anodizing  solution  and  there  is  no  depletion  layer  at 
the  surface  in  this  case.  Hence  the  voltage  across  the  oxide  in  this 
case  is 


= V - VT„ 
A JR 


which  makes  the  oxide  thicker  by  a value  corresponding  to  Vg.  From  the 
differences  in  the  oxide  colors  of  the  areas  surrounding  the  mesas  in 
the  cases  corresponding  to  Figs.  18a  and  18b  the  value  of  V can  be 

D 

estimated  at  17  volts,  corresponding  to  a donor  concentration  of 
16  3 

9 x 10  /cm  in  the  n-type  layer.  The  oxide  on  the  top  of  the  mesa  for 
Fig.  3b  is  thinner  than  that  for  Fig.  7a  for  the  reason  that  is  given 
in  a discussion  of  Fig.  18c. 


Figure  18c  shows  the  exaggerated  case  of  the 
between  the  conditions  of  Figs.  18a  and  18b.  As  the  n+ 
the  depletion  layer  at  the  surface  moves  into  a region 

32 


concentration  near  the  n-p  interface  and  the  width  of  the  depletion 
layer  increases  with  a corresponding  increase  (AV'_)  in  the  breakdown 
voltage.  The  equation  for  the  voltage  (Vq^j)  across  the  oxide  is  now 


VOXI  ‘ VA  - (V 


B ' iVB  + V 


The  color  of  the  oxide  gives  a value  of  AVR  = 6 volts  and  VR  + AVR  = 


'B  ^ B 


16  3 

23  volts  corresponding  to  a donor  concentration  of  5 x 10iD/cm  . The 
color  at  the  top  of  the  mesas  is  the  same  as  that  in  the  transition 
region  giving  the  same  value  of  donor  concentrations  for  the  source  and 
drain  contact  regions. 

The  value  of  was  65  volts  leading  to  a value  of  V of  13 
volts  which  is  a reasonable  value  for  a junction  occupying  the  total 
area  of  the  slice. 

MOS  capacitance  tests  made  on  the  areas  of  exposed  p and 
residual  n+  have  confirmed  the  above  picture. 

An  important  aspect  of  this  work  is  that  the  above  color 
variations  only  occur  if  the  anodization  is  performed  in  the  dark. 
Illuminating  the  sample  produces  a uniform  color  and  oxide  thickness. 
This  is  particularly  important  for  the  anodization  of  the  gate  areas 
for  MISFET  fabrication. 


3 . A Fabrication  Sequence 

The  first  wafers  of  material  were  processed  according  to  the 
schedule  shown  in  Table  II.  The  formation  of  the  mesas  and  the  thinning 
by  anodization  have  already  been  discussed.  Deposition  of  the  gold  - 
12"  germanium  alloy  (Step  5 in  this  fabrication  sequence)  wi;  made  over 
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TABLE  II 

INITIAL  FABRICATION  SEQUENCE  FOR  PLANAR  DEVICE 

1 . 

2. 

3. 

4. 

5 . 

6. 

7. 

8. 

9. 

10. 
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Etch  source-drain  mesas  (NaOHiH^O^tH^O) : Mask  648-1. 

Thin  layer  to  expose  p-layer  by  anodization. 

Deposit  field  oxide  (0.5  pm  Si02)  by  sputtering. 

Open  source-drain  contact  holes  in  field  oxide:  Mask  648-3. 

Evaporate  gold-germanium  source  drain  contact  metal  and  define  by 
etching  mask:  648-6  anneal  contacts. 

Etch  gate  region  in  field  oxide:  Mask  648-2. 

Cover  metal  source  and  drain  contacts  with  thick  (1  pm)  photoresist 
and  open  up  regions  for  gate  metal:  Mask  648-5. 

O 

Anodize  gate  region  to  50  volts  (1050A) . 

O 

Evaporate  gate  metal  5000A  and  strip  resist,  thereby  defining  gate 
metallization . 

Anneal  oxide. 


r 

/ 


1 


the  entire  slice  with  the  excess  metal  being  removed  by  etching  in 

O 

Metex  Aurostrip  using  a photoresist  mask.  A thin  layer  (200A)  of 
nickel  was  added  to  the  layer  in  subsequent  runs  to  avoid  "balline-up" 
of  the  gold-germanium  during  alloying  to  the  gallium  arsenide.  The 
nickel  was  pre-etcned  with  dilute  ferric  chloride  solution  since  it  is 
attacked  only  slowly  by  Metex  Aurostrip. 

The  anodization  of  the  gate  region  was  left  as  a late  step 
in  the  fabrication  sequence  to  avoid  possible  degradation  during  the 
processing  required  to  apply  the  ohmic  contacts.  It  was  found,  however, 
that  the  photoresist  deposited  in  Step  7 of  the  fabrication  sequence 
was  not  able  to  withstand  the  potential  applied  during  the  anodization 
(Step  8).  Small  pinholes  in  the  resist  allowed  the  anodizing  solution 
to  come  into  contact  with  the  gold-germanium  and,  since  the  oxide  is 
grown  under  constant  current  conditions,  the  current  carried  by  these 
pinholes  allowed  only  small  ( < 10)  voltages  to  be  developed  across  the 
anodic  oxide.  Attempts  were  made  to  grow  at  constant  (50)  voltages  but 
the  large  currents  through  the  pinholes  destroyed  the  resist.  A series 

O 

of  devices  made  under  these  conditions  had  20  volt  (460A)  oxides  which 
were  very  leaky. 

In  view  of  this  problem,  it  was  decided  to  form  the  gate 
oxide  much  earlier  in  the  sequence  at  a time  before  the  source  and 
drain  contacts  are  applied.  The  revised  sequence  is  shown  in  Table  III. 

The  sequence  has  the  advantage  chat  the  gate  oxide  car  be 
annealed  and  optimized  early  in  the  sequence  without  the  problem  or  the 
gold-germanium  contacts  being  completely  alloyed  into  the  gallium  arsenide 
during  tne  long  annealing  cycle  (360°C  for  3 hours3). 
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TABLE  III 


REVISED  FABRICATION  SEQUENCE  FOR  PLANAR  DEVICE 


Etch  source-drain  mesas  (NaOH: H2O2 : H2O) : Mask  648-1. 

Thin  layer  to  expose  p-layer  by  anodization. 

Deposit  field  oxide  (0.5  pm  Si02)  by  sputtering. 

Open  source-drain  contact  holes  in  field  oxide:  Mask  648-3. 

Open  up  field  oxide  for  gate  region:  Mask  648-2. 

Cover  slice  with  thick  (lum)  photoresist  and  open  up  regions  for 

r>  o f*  n mo  f ol  • M n r>1»  /.  Q Q 

O 

Anodize  gate  region  to  50  volts  (1050A) . 

O 

Evaporate  gate  metal  (5000A)  and  strip  resist,  thereby  defining 
gate  metallization. 

Anneal  oxide. 

Cover  slice  with  thick  (lum)  photoresist  and  open  up  regions  for 
source-drain  contacts. 

Give  light  etch  in  NH^OH  to  remove  any  oxide  formed  in  openings 
during  step  7. 

O 

Evaporate  5000A  AuGe  and  strip  resist,  thereby  defining  contact 
areas. 
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3.5  Results  of  Planar  Device  Fabrication 


Five  individual  fabrication  runs  have  been  completed  with  the 
results  shown  tabulated  in  Table  IV. 

Wafer  /‘D250676 

The  first  wafer  to  be  processed  with  mask  set  #648^"*  was 
slice  #D250676.  This  was  a sulfur  implant  into  p-tvpe  material  through 
a 0.5  pm  Si02  mask  applied  by  RF  sputtering.  The  energy  of  the  singly 
charged  sulfur  ion  was  140  KeV  at  a fluence  of  10  /cm  . The  whole 
slice  was  then  covered  with  a further  0.5  pm  thick  layer  of  sputtered 
Si02  and  annealed  at  790°C  for  1 hour  in  nitrogen.  A current-voltage 
plot  of  the  back-to-back  p-n  junctions  thus  formed  is  shown  in  Fig.  19. 
The  breakdown  is  soft,  yielding  1 uA  of  current  at  18  volts. 

During  this  first  fabrication  sequence,  the  initial  anodic 
oxide  was  stripped  off  in  order  to  clean  the  gallium  arsenide  surface. 

A second  anodic  oxide  was  then  grown  and  aluminum  deposited  through  a 
photoresist  mask  to  form  the  gate.  The  thickness  of  the  photoresist 

° o 

and  aluminum  was  5000A  and  3000A  respectively.  However,  the  resist  was 
not  thick  enough  to  allow  removal  of  the  excess  aluminum  and  hence  the 
last  two  steps  in  the  processing  vjere  repeated  after  etching  off  the 
aluminum  and  the  gate  oxide.  Reoxidizing  and  redeposition  of  the  gate 
resulted  in  the  structure  shown  in  Figs.  20  and  21.  There  is  some  misal 
ment  of  the  gate  but  a more  serious  nrob'lem  is  the  excessive  depth  to  wh 
the  gate  region  has  been  etched,  resulting  in  a discontinue  tv  of  tiie  cat 
metal  shown  clearly  in  Fig.  21.  This  was  confirmed  h'  nrobi.  p t".c  san’-'l 
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TABLE  IV 


RESULTS  OF  PLANAR  DEVICE  FABRICATION 


r 


Identification  if 


Structure 


Resul ts 


D250676 


CD3-R38-1A 


CD3-R38-1B 


CD3-R39-1A 


Sulfur  implant  into  p substrate j Overetched  channel  region — I 

I no  gate  action. 


CD3-R37-1A  I Sulfur  implant  into  6 urn  p with 
8 pm  n buffer  layer. 


Epitaxial  2.8  pm  n , 3.5  pm  p, 
2.8  pm  n~,  n+  substrate. 


As  above. 


Epitaxial  1.9  pm  n , 0.5  pm  p,  j Misaligned  gate,  no  gate  I 
3.8  pm  n-,  n+  substrate.  ! action.  I 


Low  source  drain  break- 
down voltage. 


Misaligned  gate,  overetched 
mesas,  no  gate  action. 


Working  devices. 
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Figure  19  - I-V  characteristic  of  back-to- 
back  p-n  junctions  formed  by  sulfur  im- 
plantation into  wafer  D250676. 

5V/div  horizontal;  lOpA/div  vertical. 
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Wafer  ■:CD3-K37-1A 

This  slice  also  had  sulfur  implanted  n+  source  and  drair. 
areas,  but  in  this  case  the  implant  was  made  into  a p-tvpe  epitaxial 
layer  on  top  of  a thick  (8  urn),  highly  doped  n-type  buffer  layer.  The 
source-drain  current-voltage  characteristic  is  shown  in  Fig.  22.  The 
breakdown  is  very  soft  and  occurs  at  only  1.6  volts.  Devices  were 
fabricated  on  this  slice  to  develop  the  fabrication  procedure,  with  no 
useful  devices  resulting. 

Wafer  //CD3-R38-1A 

This  wafer  was  a complex  multilayer  epitaxially  grow  (VPE) 
wafer,  produced  as  pact  uf  the  effuit  tuwards  the  vertical  channel 
device.  The  p-layer  was  too  thick  for  this  purpose,  however,  and  it 
was  decided  to  use  it  for  the  planar  device. 

The  mesas  were  etched  using  in  the  ratio  4:4:92. 

During  the  etching  process  the  photoresist  lifted  from  the  surface  of 
the  gallium  arsenide,  giving  the  mesas  the  shape  indicated  by  the  Talvstep 
profile  shown  in  Fig.  23  and  the  photomicrograph  shown  in  Fig.  24.  Because 
of  the  variation  in  the  thickness  of  the  n+  layer  across  the  slice,  only 
a small  region  of  the  device  was  suitable  for  fabricating  FET's.  This 
is  illustrated  in  Fig.  25.  The  problem  is  alleviated  if  the  mesa  edges 
are  steeper.  In  addition,  the  alignments  of  the  source  and  drain  contacts 
with  the  slot  in  the  field  oxide  and  the  gate  metal  with  the  anodic  oxide 
are  very  poor  (see  Fig.  26)  so  that  no  gate  action  was  observed. 
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Figure  22  - I-V  characteristics  of  back-to- 
back  p-n  junctions  formed  by  sulfur  im- 
plantation into  Wafer  CD3-R37-1A. 
lV/div  horizontal;  lOyA/div  vertical. 
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Wafer  "CD3-R38-1B 

This  slice  was  the  second  half  of  the  CD3-R38-1  slice  and 
hence  had  the  same  epitaxial  layer  structure.  The  n layer  was  etched 
using  the  NaOH : H^0? : H^O  etch  which  was  described  earlier  (Section  3.2). 

(4) 

In  addition,  the  surface  of  the  gallium  arsenide  was  treated  with  AP100 
to  reduce  undercutting.  A Talystep  profile  of  the  etched  mesas  was 
shown  in  Fig.  18  and  scanning  electron  micrographs  in  Fig.  27.  The 
edge  of  the  mesas  is  now  much  sharper. 

Devices  were  successfully  fabricated  on  this  slice  and  cur- 
rent-voltage characteristics  are  shown  in  Fig.  28.  Figure  28a  shows 
the  characteristic  in  the  dark  while  Fig.  28b  shows  the  ellect  ot  strong 
illumination  with  a tungsten  filament  light  source  on  the  same  device. 

The  slice  was  annealed  at  310°C  in  ^ for  10  sec  in  order  to  form  the 
ohmic  contacts.  Annealing  of  the  anodic  oxide  has  not  been  performed 
on  this  slice  due  to  the  fact  that  the  aluminum  gate  contacts  did  not 
adhere  well.  The  slice  is  presently  being  reprocessed  through  the 
anodization  and  gate  deposition  steps. 

Wafer  .7CD3-R39-1A 

This  slice  was  processed  in  parallel  with  the  previous  slice 
but  there  was  no  gate  action  due  to  misalignment  over  the  anodic  oxide. 
This  can  be  seen  in  Fig.  29.  This  slice  is  also  being  reprocessed. 


3 . 6 V-Croove  VMIST 

Work  was  also  carried  out  on  the  fabrication  of  a V-groove 
transistor  as  a first  step  towards  the  realization  of  a vertical  channel 
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Figure  27  - Scanning  electron  micrograph 
of  Slice  CD3-R38-1B. 


VMIST  device  A cross  section  of  the  device  is  shown  in  Fig.  30. 

Bromine  methanol  was  used  to  etch  the  V-groove  and  a scanning  electron 
micrograph  of  the  groove  is  shown  in  Tig.  31.  The  angle  of  the  etched 
plane  forming  the  sides  of  the  V-groove  with  the  100'-  surface  is  45° 
which  corresponds  to  the  angle  between  the  '100  and  <110'-  planes.  Thus 
the  etched  planes  are  <110>. 

The  main  problem  with  the  bromine-methanol  etch  is  that  it 
accentuates  defects  in  the  material.  The  NaOH : H909 : H90  (1:3:100)  etch 
described  in  Section  3.2  was  used  to  etch  a V-groove  using  a 0.5  pm 
thick  SiC^  masking  layer  on  top  of  a n-p-semi-insulating  GaAs  wafer.  The 
scanning  electron  micrographs  of  the  resulting  structures  are  shown  in 
Fig.  32.  In  Figs.  32a  and  b,  the  oxide  hrs  been  left  in  place  and  the 
interesting  corrigated  structure  is  a result  of  stress  relief.  The  gap 
between  Si0?  overhangs  is  2.8  pm.  In  Figs.  32c  and  d,  the  oxide  has 
been  removed.  In  the  wider  oxide  openings  shown  in  Fig.  32d  and  Fig.  33, 
the  etch  has  penetrated  to  the  interface  between  the  epitaxial  layer  and 
the  substrate.  In  micrographs  32c  and  d,  the  p-type  epitaxial  layer  is 
visible  as  a light  band  at  the  top  of  the  vee.  The  thickness  of  the 
p-laver  is  2.5  urn. 

The  angle  between  the  planes  of  the  V-groove  is  105c  which 
indicates  that  the  pattern  is  not  perfectly  aligned  along  the  110 
direction.  Etching  along  openings  in  the  SiO,,  which  are  perpendicular 
to  the  ones  which  yield  the  V-groove,  gives  the  undercut  structure  shown 
in  Fig.  34.  Further  experiments  are  planned  to  exploit  the  properties 
of  this  etch. 
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Figure  31  - 
methanol 


V-groove  obtained  with  bromine- 
etch. 
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RM-  7103' 


A mask  set  has  been  designed  and  fabricated  and  is  shewn 


in  Fig.  35.  Mask  #724-5  has  five  groove  widths  from  which  can  be  selected 
the  one  appropriate  to  the  epitaxial  layer  thicknesses.  They  are  placed 
on  the  same  mask  so  that  if  subsequent  alignments  of  a longer  or  shorter 
gate  is  required  during  fabrication,  the  gate  length  can  be  selected 
from  the  same  field  on  the  mask,  thereby  eliminating  any  step  and  repeat 
errors . 
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Source contact  openings 


HI  HI  HI 


7X4-3 

Source  - toain  contact  metal  Cate-  metal 
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Figure  35  - Mask  set  for  V-groove  devices. 


CONCLUSION 


A great  deal  of  technological  progress  has  been  made  durins 
this  phase  of  the  program.  The  various  processes  have  beer  combined 
to  fabricate  a planar  MISFET  device  as  the  first  step  towards  a vertical 
channel  VMIST  device. 


The  best  results  came  from  wafers  where  the  necessary  doping 
had  been  produced  by  epitaxial  growth.  Ion  implantation  to  produce  n 


contacts  is  being  studied  further.  The  most  important  application  ia 
in  producing  deep  p-type  implants  to  ground  the  substrate  of  the  vertical 
channel  device.  The  available  energy  (300  KeV)  for  the  zinc  implants 
appears  to  be  insufficient  to  penetrate  the  necessary  distance. 

Beryllium  is  now  being  studied  as  a possible  alternative.  Although 
devices  have  been  successfully  fabricated,  the  properties  of  the  gate 
oxide  have  not  yet  been  optimized  by  annealing  at  the  completed  device 
stage.  More  effort  will  be  needed  in  this  area. 

Etchants  have  been  developed  for  the  V-groove  devices  which 
represent  the  next  step  towards  the  VMIST  device.  Further  studies  on 


relieving  the  internal  stresses  of  the  Si02  overhangs  are  also  needed. 
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5.  Fl'TURE  WORK 
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Work  is  continuing  on  the  plana 
s logical  conclusion,  together  with 
e in  order  to  take  advantage  of  the 
hieved  with  this  configuration.  We 
gating  the  problems  involved  in  the 

Ki*  i r>  n f'  o f K n vDVf  i no  1 nlionnol  M J^FET 


r MISFET  device  to  bring  it 
fabrication  of  the  V-groove 
narrow  gate  lengths  that  can 
propose  also  to  continue  in- 
additional  technology  requir 


ed 


Fig.  1.  Of  necessity,  this  will  require  additional  development  of 
multi-epitaxial  layer  structures  of  uniform  and  controlled  thickness 
and  concentration  levels  in  GaAs. 

The  following  problems  will  receive  special  attention: 

1.  Optimization  of  anodic  oxide  in  device  structures. 

2.  Development  of  epitaxial  growth  for  vertical  device  structures. 

3.  Development  of  V-groove  structures  with  special  attention  to 
orientation  effects. 

4.  Investigation  of  vertical  channel  MISFET  geometries. 

5.  Development  of  deep  p-tvpe  implantations  for  MISFET  substrate 
grounding. 

6.  Analysis  and  optimization  of  device  structures. 
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